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I. Introduction

Continued development and commercialization of optoelectronic devices, including light-
emitting diodes and semiconductor lasers produced from III-V gallium arsenide-based
materials, has also generated interest in the much wider bandgap semiconductor mononitride
materials containing aluminum, gallium, and indium. The majority of the studies have been
conducted on pure gallium nitride thin films having the wurtzite structure, and this emphasis
continues to the present day. Recent research has resulted in the fabrication of p—n junctions in
wurtzitic gallium nitride, the deposition of cubic gallium nitride, as well as the fabrication of
multilayer heterostructures and the formation of thin film solid solutions. Chemical vapor
deposition (CVD) has usually been the technique of choice for thin film fabrication. However,
more recently these materials have also been deposited by plasma-assisted CVD and reactive
and ionized molecular beam epitaxy.

The program objectives in this reporting period have been (1) the investigation of the
defects generated during the growth of GaN and AIN on SiC(0001) and sapphire, (2) the layer-
by-layer deposition of Ga and N for the growth of GaN films, (3) the conversion of
monocrystalline BP to BN via interaction with atomic N from an ECR source and (4) the
development of facilities for the deposition of ohmic and rectifying contacts, reactive ion
etching and photo- and cathodo-luminescence for III-V materials.

The procedures, results, discussions of these results and conclusions of these studies are
summarized in the following sections with reference to appropriate SDIO/ONR reports for
details. Note that each major section is self-contained with its own figures, tables and
references.
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II. Deposition of GaN PN Junctions and TEM Study of the
Structure of AIN and GaN Films Deposited by a Modified Gas
Source Molecular Beam Epitaxy System )

A. Introduction g

Most recently, the research of GaN PN junction type light emitting diodes (LED) has made
significant progress. Several groups have reported that GaN PN junctions have been
successfully deposited, and have observed blue light emission [1-4]. However, to date, all
reported GaN PN junction LED devices were made by a MOCVD technique. In addition, to
exhibit P-type character, Mg-, or Zn-doped GaN films still need post-growth treatment, such
as post-deposition Low-Energy Electron-Beam Irradiation (LEEBI) or annealing at high
temperatures in a nitrogen environment.

In the last report, we had shown that by a modified gas source molecular beam epitaxy
system (GSMBE), we were able to deposit p-type Mg-doped GaN films directly, i.e., without
any post-growth treatment. In this report, we will show the further success of the deposition of
GaN PN junctions by GSMBE.

Also in this report, we will show microstructural analysis by transmission electron
microscopy of our AIN and GaN films deposited under various different growth conditions.

B. Experimental Procedure

The deposition system employed in this research was a commercial Perkin-Elmer 430 MBE
system. This system consists of three parts: a load lock (base pressure of 5*10-8 Torr), a
transfer tube (base pressure of 1*10-10 Torr), which also was used for degassing the
substrates, and the growth chamber (base pressure of 5*10-11 Torr). Knudson effusion cells
with BN crucibles and Ta wire heaters were charged with 7N pure gallium, 6N pure
aluminum, 6N pure magnesium and 6N pure silicon respectively. Ultra-high purity nitrogen,
further purified by a chemical purifier, was used as the sources gas. The nitrogen gas was
excited by an ECR plasma source, which was designed to fit inside the 2.25 inch diameter tube
of the source flange cryoshroud. The details of the system can be found elsewhere [5].

The substrates were (0001) oriented a(6H)-SiC wafers obtained from Cree Research, Inc.
Prior to loading into the chamber, the a-SiC substrates were cleaned by a standard degreasing
and RCA cleaning procedure. All substrates were then mounted on a 3-inch molybdenum block
and loaded into the system. After undergoing a degassing procedure (700°C for 30 minutes),
the substrates were transferred into the deposition chamber. Finally RHEED was performed to
examine the crystalline quality of the substrates.




C. Results

Deposition of GaN PN Junctions. Based on previous research results of the deposition of
individual p-type Mg-doped GaN and n-type Si-doped GaN films, we have deposited the GaN
PN junctions by a two-step and one-mask process.

We first deposit Si-doped GaN on the substrate. During this step, we initially expose the
substrates to pure Al followed by exposure of this Al to the plasma activated nitrogen species in
order to form an AIN layer. By this procedure, we have eliminated a thin amorphous layer on
the substrate surface due to the plasma exposure. The film growth was subsequently started
using the deposition conditions listed in Table I. An AIN buffer layer, having a thickness of
about 150A, was used to reduce the lattice mismatch and was followed by a layer of Si-doped
GaN, which was ~3000A thick.

Table I. Deposition Conditions for Si-doped GaN Films

Nitrogen pressure 2x10-4 Torr
Microwave power 50w
Gallium cell temperature 990°C
Aluminum cell temperature 1120°C
Silicon cell temperature 1180°C
substrate temperature 650°C

Al layer 2 monatomic layer
AIN buffer layer 150~200A
Si-doped GaN 3000~4000A

Then the sample was taken out of the system and a mask with defined open area was put on
the top of the sample. With this mask we can make electrical contacts on the covered area of
n-type Si-doped GaN, since we do not have a GaN etching facility to form the contacts.

Secondly, a layer of Mg-doped GaN (~3000A thick) was deposited on the masked n-type
GaN film by the conditions listed in Table II.

Characterization of GaN PN Junctions. Currently, we have only made IV measurements on

these GaN PN junctions. The contacts for the measurement were made by two spring probes.
IV curves were measured by a Hewlett Packard 4145 Semiconductor Parameter Analyzer.
Typical IV curves are shown in Fig. 1 for the GaN PN junction on a sapphire substrate and in
Fig. 2 for the GaN PN junction on an a-SiC substrate. The p-type character of the top Mg-
doped GaN films was verified by the hot probe method.
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- Table II. Deposition Conditions for Mg-doped GaN Films R ®
. &
Nitrogen pressure 2*10-4 Torr :
Microwave power 50w
Gallium cell temperature 990°C >
Magnesium cell temperature ~300°C
substrate ternperature 650°C
Mg-doped GaN 3000~4000A
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Figure 1. IV curve for the GaN PN junction on (0001) sapphire substrate.
Rectifying characteristics have been observed for the PN GaN junctions on both a-SiC and )
sapphire substrates. The turn-on voltages for both junctions are about 2 volts. At the same
bias, the forward current for the junction on an a-SiC substrate is much larger than the junction
on a sapphire substrate.
Further investigation of these junctions is underway, such as ohmic-metal contacts on ,

either n- or p-type GaN layers, reactive ion etching of GaN films in order to deposit n- and
p-type GaN layers without interruption, as well as electroluminescence measurements.
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Figure 2. IV curve for the GaN PN junction on (0001) o-SiC substrate.

Electron Microscopy Characterization of AIN and GaN Films. The microstructure of the
nitride films deposited by GSMBE was characterized by Transmission Electron Micro-
scopy (TEM). The effect of various deposition conditions on the microstructure was
investigated.

The TEM was performed in a JEOL 4000EX operated at 400kV. High resolution images
were recorded using a 1mr convergence semi-angle at Scherzer defocus (~ -47nm). Cross-
sectional transmission electron microscopy (XTEM) samples were prepared using standard
techniques.

TEM Chargcterization of AIN Films. Previously, high quality AIN films had been
deposited as buffer layers for the growth of GaN films using a modified GSMBE system.

High resolution TEM indicated that these films had a highly oriented columnar structure [6].
Here we have investigated any structure change with respect to an increase in film thickness.
As shown in Fig. 3, when the film thickness is increased above the critical thickness while
maintaining the same deposition conditions, the density of defects which are parallel to the
growth surface has greatly increased. The average width of the columnar features is about the
same as that seen in the thin, ~100A, AIN buffer layers. Both AIN films exhibited single
crystal RHEED patterns.

The deposition temperature of our AIN films (~650°C) is much lower than what is most
commonly used for MOCVD (above 1000°C). To improve the quality of the AIN films, the
deposition temperature was raised to 1100°C while keeping other conditions the same. Figure 4

5

@ &

5.7




—— e g e

[e—y

Figure 3. TEM micrograph of an AIN film deposited at 650°C.

is a TEM micrograph of an AIN film deposited at this higher temperature, 1100°C. Defects
running perpendicular to the substrate have been greatly reduced, and defects parallel to the
growth surface have been removed. A high resolution TEM micrograph of this AIN film,
Fig. 5, shows the epitaxial AIN/o-SiC interface.
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Figure 4. TEM micrograph of an AIN film deposited at 1100°C.
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Figure 5. HRTEM micrograph of AIN film deposited at 1100°C.

TEM Studies of GaN Films. By a modified gas source molecular beam epitaxy system high
quality GaN films have been deposited on both sapphire and a-SiC substrates [6]. RHEED,

X-ray diffraction and electron diffraction have indicated that the films are single crystalline.
However, as we reported before, TEM revealed that the GaN films still had a columnar
7




structure. In order to reduce or eliminate these columnar features, we have investigated the
effects of various different growth conditions. We limited our study to GaN films deposited on
(0001) a-SiC substrates.

The TEM micrographs shown in Fig. 6 are of two GaN films deposited under the same
growth conditions except for differing buffer layers. The film shown in Fig. 6 (a) has an AIN
buffer layer for which the AIN was deposited at the same temperature as the GaN (650°C),
while in Fig. 6 (b), there is no buffer layer. In the film with the buffer layer, there are fewer
defects in the GaN close to the AIN buffer layer although increase in number further from the
buffer layer. Comparison of Figs. 6 (a) and (b) reveals that the film without the buffer layer
has more defects which are parallel to the growth surface and more of a columnar structure than
the film with the buffer layer (with respect to the region of GaN close to the buffer layer).

Since we know that the growth of high quality, epitaxial AIN films has been achieved at a
higher deposition temperature on -SiC substrates, we have attempted to eliminate the

LI

VPO

a-SiC 50 nm

Figure 6. TEM micrograph of (a) GaN(650°C)/AIN(650°C)/a-SiC
8




Figure 6. Continued—TEM micrograph of (b) GaN(650°C)/a-SiC.

columnar structure by depositing the AIN buffer layer at 1100°C proceeded by the deposition of
GaN at 650°C on this AIN layer. Scanning electron microscopy showed very fine surface
features, however, XTEM revealed that the film again consisted of a columnar structure, as
shown in Fig. 7. No apparent improvement was gained from the increase in deposition
temperature of the AIN layer.

Figure 8 is a TEM micrograph of a GaN film deposited at a reduced deposition rate (five
times less) and longer deposition time than the GaN film shown in Fig. 7. Again there was no
apparent improvement. Furthermore, the columnar features of the film in Fig. 8 increased in
number as the growth proceeded. This is similar to what was observed in the film shown in
Fig. 6(a).
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Figure 7. TEM micrograph of GaN(650°C)/AIN(1100°C)/a-SiC.

D. Discussion
There have been a lot of reports recently on the deposition of high quality single crystal
GaN films [2,4,7-9]. There are two key factors realized by most MOCVD research groups, )
that is: i) the need for low temperature deposition of AIN or GaN buffer layers with a thickness
of about 300~500A: ii) the thickness of the GaN films needs to be 3mm or more. To date, no
clear microstructural images have been presented of these high quality single crystal GaN
films, especially those revealing the change in film structure with the different film thicknesses. ’
However, several TEM pictures of the buffer layer or GaN layer near the substrate interface
have been reported [9,10]. In the above section, we have presented TEM results for our GaN
films deposited at various growth conditions.

In summary, we have realized that, like MOCVD, the GaN films with the buffer layer are ’
better than the GaN films without the buffer layer. It is has been generally accepted that the
buffer layer is either for stress relief or for reduction of the lattice mismatch between the

10
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Figure 8. TEM micrograph of GaN(65G°C)/AIN(1100°C)/a-SiC, the deposition rate for
the GaN film was five time less than the rate for the GaN film in Figure 5.

substrate and the GaN film; the lattice mismatch between AIN/a-SiC or AIN/sapphire 1. less
than that between GaN/a-SiC or GaN/sapphire, respectively. However, even though AIN has
been used as a buffer layer between GaN and the substrate, there is still a 2.4% latt.ce
mismatch at the GaN/AIN interface. The columnar features we have observed in the GaN films
may result from the lattice mismatch. As the GaN film becomes thicker, the stress due to lattice
mismatch builds up, and the columnar features become more significant. This is quite different
from what MOCVD results indicate. That is, single crystal GaN film growth can be
accomplished only when the films were 3mm or more in thickness.

To obtain very high quality GaN films, the columnar structure must be eliminated
throughout the films. The deposition temperatures of GaN by GSMBE were much lower than
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what has been used in MOCVD. However, in the low pressure deposition process of GSMBE,
the deposition temperature is really limited by the desorption rate of GaN [11]. As we have
shown before, when the growth temperature was increased to 900°C almost no GaN film was
deposited. Therefore, we have to pursue another way to overcome the columnar structures in
the films if we cannot increase the deposition rate of the GaN films dramatically by GSMBE.
As we indicated before, the lattice mismatch still exists even when epitaxial AIN was used
as a buffer layer between GaN and the o-SiC substrate. In contrast to MOCVD, in which the
AIN buffer layer can be amorphous or polycrystalline, we cannot deposit epitaxial GaN films
by GSMBE unless the AIN buffer layer is of good crystal quality. Therefore the 2.4% lattice
mismatch between AIN and GaN may play an important role in the columnar features in the
GaN film. A direct way to reduce this lattice mismatch is to deposit an epitaxial buffer layer
consisting of an AIN layer slowly graded to GaN on the substrate followed by the deposition
of a GaN film on this graded buffer layer. However, as we found in our preliminary study,
there was an abrupt change from an AIN-rich layer to a GaN-rich layer instead of a gradual
graded layer. This is possibly due to the stronger attraction of Al to N than the attraction of Ga
to N. Therefore, further research needs to be carried out to improve the deposition of a real

graded layer.

F. Future Research Plans

As noted in the discussion part of this report, due to the limitation of GSMBE a graded
AlxGaj_xN solid solution buffer layer, from x=1 to x=0, would be an ideal solution for the
homoepitaxy growth of GaN. Some of our future efforts will continue to involve the growth of
good quality graded AlxGa;_xN solid solution buffer layers. Also, we will continue our efforts
to make GaN PN junction LED devices, and to study ohmic metal contacts on GaN films,
reactive etching of GaN to define device structure and electroluminescence of GaN PN junction
LEDs.
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III. Layer-by-layer Deposition of III-V Nitrides Using an Atomic
Layer Epitaxy Reactor Design

A. Introduction

The potential semiconductor and optoelectronic applications of III-V nitrides has prompted
significant research in thin film growth and development. The materials of concern in this
section are GaN, currently, and other ITI-V nitrides, for upcoming studies. Because GaN in the
wurtzite structure with a bandgap of 3.4 eV [1] forms continuous solid solutions with both
AIN and InN, for example, which have bandgaps of 6.2 eV [2] and 1.9 eV [3], respectively,
engineered bandgap materials could result in optoelectronic devices active from the visible to
deep UV frequencies [4].

Initial attempts at ALE deposition have been suspended in favor of the more realistic layer-
by-layer deposition approach. This decision was supported by metalorganic decomposition
data and by actual experimentations completed thus far. Like ALE, the layer-by-layer technique
deposits one monolayer of material per cycle. However, the growth rate is highly dependent on
the metalorganic (MO) flux and the exposure time under the MO gas. Thus unlike ALE, the
process is not self-terminating after the deposition of one monolayer.

To produce films using the layer-by-layer approach an ALE reactor design has been
implemented. The equipment and experimental procedures used for the process have been
discussed in an earlier report. Therefore, only modifications to the experimental procedure,
new results to date, conclusions and plans for future work will be included here.

B. Experimental Procedure

The ALE reactor design being used utilizes a continuously rotating susceptor arrangement.
Thus as the susceptor rotates, the substrate is alternately exposed to the me MO gas, the Ha
curtain gas and the nitrogen source gas (i.e. ammonia: NH3) in a constant cycle. There are two
growth zones per cycle: one for the column-III species and one for the column-V species. For
layer-by-layer growth, one cycle will result in one monolayer of film growth.

Unlike earlier work in which rotation began from under the H; inlet line before the MO
inlet line, recent experiments have begun with initial exposure to ammonia. Before the substrate
sweeps under the ammonia inlet line, the W-filament used in cracking the ammonia into
elemental hydrogen and nitrogen should be stabilized at the desired “cracking” temperature.
The nitrogen source was chosen as the starting species because it was believed that initial
exposure to the MO precursor was possibly aiding in the faceted growth being observed by not
uniformly covering the substrate surface. It was believed that more uniform coverage would
result from this and instigate the desired uniform growth. This step will be termed
“nitrogenating” the substrate surface. Thus, prior to the exposure to any TEG, the substrate
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' was nitrogenated for 5 seconds at the start of the run. Similarly, at the end of the run the
deposited film was nitrogenated for 5 seconds after the flow of TEG had been terminated.

Also in an attempt to reduce the faceted surfaces of the deposited films, the growth
temperature was lowered from 640°C used in earlier runs to 500°C. By reducing the &
temperature, the surface mobility ‘s reduced. Hopefully this reduction would result in a more 4
uniform deposition and less atomic migration to the more preferred nucleation sites resulting in
the undesired faceted growth. ’

Once rotation and deposition begins, several system variables must be monitored. They
include cooling water flow, all gas flow rates, system and MO bubbler pressures, susceptor
and W-filament temperatures, and rotation speed. Under normal operating procedures, these
variables remain nearly constant, but because of their obvious importance, they must be
monitored to maintain deposition uniformity. Table I below lists the system parameters for
various deposition runs.

Table 1. Deposition Parameters

System , Run #
Variables #10 #13 #14 #15 #16
) o
Substrate SiC* Si C** Si C** SiC ** SiC **
Initial Press. Ix10-5torr  1.2x10-5 1.2x10-5 1.2x10-3 1.8x10-5
Run Pressure 3.6-3.8 torr 2.8-3.0 2.9-3.1 2.9-34 2.8-3.0
Bubbler Temp. 5.0°F . 563 56.3 56.3 56.3 ]
Bubbler Press. ~ 800 torr ~ 750 ~750 ~ 750 ~750
TEG Part. Press. 0.414 torr 2.96 2.96 2.96 2.96
H3 flow ~325sccm ~ 325 ~ 325 ~325 ~ 325
NHj3 flow 100 sccm 100 100 200 200 )
Hj carrier gas flow 28 sccm 28 28 28 28
TEG flow rate 0.0145 sccm  0.111 0.111 0.111 0.111
W-filament Temp. 1450°C 1450 1450 1450 1450
Susceptor Temp. 500°C 500 500 500 ~640 )
Rotation Speed 1.6 rpm 3 8.25 8.25 8.25
Sec/zone 13.125 7 2.545 2.545 2.545
Run Time 180 minutes 200 140 140 140

* a(6H)-SiC (0001) on axis
** o (6H)-SiC (0001) 3° off-axis toward [1120]

15
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. C. Results .
Run #10 was the first attempt at the 500°C growth temperature. Scanning Electron )
L Microscopy (SEM) images revealed a surface which appeared extremely smooth with no ®
visible facets. However, the growth rate was very slow at this reduced temperature and TEG &
1 flow rate. The film was less than a 100A thick as evident from Auger Electron Spectroscopy )
(AES). Increasing the TEG flow rate from 0.0145 sccm to 0.13 sccm in the next run in an
{ effort to increase the growth rate yielded a polycrystalline film as indicated by visible rings in ®
i the reflected high energy electron diffraction (RHEED) pattern. Slightly decreasing the TEG
) flow rate t0 0.111 sccm and increasing the rotation speed to 3 rpm (7 sec/zone) for Run #13
i yielded better results. The RHEED patterns for this film (Figs. 1 & 2) appear monocrystalline.
]
’
» o
{1120} Reflection R
Figure 1. RHEED pattern for Run #13 of GaN deposited on a(6H)-SiC at 500°C.
]

(1010} Reflection
Figure 2. RHEED pattern for Run #13 of GaN deposited on a(6H)-SiC at S00°C.
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However the diffraction spots are not extremely sharp, a result of the faceted surface. From
measurements taken from SEM images, the facets had an approximate average diameter of
500A. Also, as shown in the graph in Fig. 3 the growth was greater layer-by-layer.
Fortunately, results show that at 500°C and a TEG flow rate of 0.111 sccm film deposition is
constant at approximately 0.5 A/sec. Thus by increasing the rotation speed and hence reducing
exposure time per zone, layer-by-layer growth was achieved in Run #14 and repeated in Run
#15 (Fig. 3). Transmission Electron Microscopy (TEM) on Run #14 revealed apparent
columnar growth. SEM of Run #15 revealed a uniformly deposited film but also a faceted
surface (Fig. 4). The approximate average facet diameter was 400A for both Runs #14 and
#15, slightly less than the facet size of Run #13. Doubling the flow rate of NH3 from 100 sccm
to 200 sccm from Run #14 to #15 caused no readily apparent improvements in film quality.
Increasing the growth temperature to 640°C for Run #16 with all other parameters unchanged
from Run #15 increased the deposition rate and caused a deviation from layer-by-layer growth.
The average facet size of Run #16 as evident from SEM was 1200A.
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Figure 3. Deposition thickness of GaN per cycle vs. exposure time for Run #'s 13, 14
and 15. The growth temperature was 500°C and at a TEG flow rate of 0.111
sccm for each run.
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Figure 4. SEM micrograph for Run #15. Notice the uniformly faceted surface. Film
thickness is ~3000A and average facet size is ~400A.
D. Discussion
ALE Suspension. In principle, for ALE growth to occur using metalorganic precursors as
®

the column-III source, the MO gas must adsorb to the substrate in a self-terminating mode. For
this reason the decomposition mechanisms of the MO precursors are of obvious importance for
determining the viability of ALE. The following organometallics are used as source gases for
GaN, AIN and InN respectively: triethylgallium (TEG) [Ga(C2Hs)3], triethylaluminum (TEA)
[AI(C2H5)3] and trimethylindium (TMI) [In(CH3)3].

Various experimental techniques have been used to study the decomposition mechanisms of
these MO gases [5-16], with mass spectrometry and thermal desorption being the most
prevalent. TE(G,A) consist of the metallic species surrounded by three ethyl (CoHs*)
functional groups. Each species adsorbs as a monomer [6]. Via mass spectrometry results for
the decomposition of TEG with Hj as the carrier gas, the decomposition temperature range was
220°-330°C, with ethylene (C2Hs) being produced [7-9]. This indicates that 3-elimination is
the dominant decomposition mechanism [5-7,9]. It 1s also interesting to note that the
decomposition temperature range slightly increases (270°-380°C) when N3 is used as the carrier
gas [7]. (The decrease in the decomposition temperature contributed to the presence of Hj

carrier gas is not fully understood at present.) During B-elimination, one of the hydrogen atoms

breaks its bond with the B-carbon and joins to the remaining Ga species to satisfy the charge
balance. The hydrocarbon functional group re-orients itself becoming ethylene with a total of
four H atoms attached to two double bonded C atoms (Fig. 5).
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Figure 5. Schematic of the TE(G,A) gas phase decomposition showing B-elimination and
the production of ethylene. X represents the column-III species.

Similarly, TEA decomposes by the same B-elimination process at apparently slightly lower
temperatures [10]. And presumably to achieve, for example ALE of GaN using TEG, the MO
source should only decompose to a diethyl (DEG) or possibly a monoethyl (MEG) species in
order for chemisorption to be self-limiting.

TE(G,A) was chosen over TM(G,A) because of its lower decomposition temperature range
and a lower carbon incorporation in the growing film during surface decomposition reactions
[4]. However, for InN deposition TMI is the organometallic of choice. This results because the
TEI precursor is much less thermally stable than its methyl counterpart and undergoes
appreciable decomposition starting at 40°C [11] as compared to 270-300°C for TMI [12-15].
However, as expected TMI undergoes a dissimilar decomposition process than that of the
triethyl species. As determined by Jacko and Price, TMI predominantly decomposes by
homolytic fission and at the low pressures and high temperatures used in many growth
techniques methane (CHg) appears to be the principle reaction product [16].

Therefore, due to the relatively low temperatures necessary for the decompositions of TEG,
TEA and TMI, the self-terminating growth mechanism required for ALE deposition appears
improbable at the increased growth temperatures of interest. Film deposition in the temperature
ranges needed for only the partial decompositior: of the MO precursors necessary for self-
limiting adsorption have yielded only amorphous and polycrystalline films [4]. Hence, ALE
deposition has been suspended in favor of the more realistic layer-by-layer approach.

Experimentations. From experimentations the growth rate at 500°C and a TEG flow rate of
0.111 scem is constant at approximately 0.5 A/sec. Simply by adjusting the susceptor rotation
speed and thus the exposure time layer-by-layer deposition was achieved. A constant
deposition rate has not been evident at 640°C. This phenomenon can be explained as follows
[17]. During the growth period in the TEG zone, TEG molecules adsorb on the surface and
decompose into Ga atoms. Additional TEG molecules attached to the Ga adsorbed surface may
either decompose into more Ga atoms or desorb from the surface before decomposing. At
lower growth temperatures it appears that desorption of the TEG molecules is more dominant
than further TEG decomposition. However, as the growth temperature increases, the additional
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TEG molecules adsorbed onto the surface decompose more easily into Ga atoms rather than
desorb from the surface. This finding is supported by the increased deposition rate between
Run #15 and Run #16, grown at 500°C and 640°C, respectively, with all other parameters the
same.

E. Conclusions

Apparent monocrystalline GaN films have been grown using a layer-by-layer deposition
technique. After studying the different decomposition mechanisms of the various MO
precursors, ALE was suspended in favor of the layer-by-layer approach. Earlier
experimentations support this decision.

At a growth temperature of 500°C and a TEG flow rate of 0.111 sccm the deposition rate is
constant at approximately 0.54/sec. A constant growth rate does not exist at 640°C. This
phenomenon was explained by the adsorption-decomposition model described above.

F. Future Research Plans and Goals

Deposition of GaN using GaN and AIN buffer layers will be attempted. The use of a buffer
layer may reduce the effects of lattice mismatch between the SiC substrate and the depositing
film and aid in the growth of more desirable, non-faceted films. Additional plots of thickness
per cycle versus exposure time need to be established to investigate the layer-by-layer process
at differing temperatures and MO precursor flow rates.

Layer-by-layer growth of AIN and InN is upcoming. Electrical measurements such as
mobilities and carrier concentrations need to be established for the deposited II-V films. Also,
attempts may be made to p-type dope GaN. A grand goal would be layered ITI-V nitride films
and continuous solid solutions.
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IV. Converting Boron Phosphoride to Boron Nitride by Exposing
to an ECR Nitrogen Plasma

A. Introduction

Cubic boron nitride (cBN) has significant potential for electronic device applications
because it is a wide bandgap semiconductor with very high thermal conductivity. However, the
epitaxial growth of single crystal cBN film is found to be extremely difficult due to the
thermodynamic instability, the high surface energy and the lack of lattice matched substrate
material.

It is known that cubic boron monophosphide (BP) can be epitaxially grown on Si
substrates [1-5]. Boron phosphide has an identical structure as cBN. If the top surface layer of
phosphorous can be replaced by nitrogen, then the surface structure of BP will be converted to
cBN. In this report a preliminary study of converting the surface of a BP film to cBN has been
conducted by exposing the BP film to an ECR nitrogen plasma. In addition, the BP film was
exposed to a nitrogen atmosphere in which a tungsten filament, heated to about 2300°C, was
used to thermally dissociate the nitrogen molecules. In the latter case, diamond nucleation on
the converted film was subsequently attempted.

B. Experimental Procedure

Epitaxial BP films on both Si (100) and Si (111) were grown by Professor Kumashiro’s
research group at Yokohama National University in Japan. X-ray diffraction confirmed that
they are single crystal BP films with a lattice constant of 4.538A. The nitrogen plasma was
generated by a unique ECR plasma source which was designed and constructed inside a 2.25"
diameter tube on a commercial Perkin-Elmer 430 MBE system’s source flange cryoshroud.
The details of this system can be found elsewhere [6]. Ultra high purity nitrogen, further
purified by a chemical purifier, was used as the source gas. The conditions of the nitrogen
plasma used in this study are as follows: flow rate of nitrogen is about Ssccm and the ECR
plasma power is about SOW, the distance between film and plasma source is about 15cm.
During the nitrogen plasma exposure, the samples were heated to 400°C.

For the experiments involving thermal dissociation of nitrogen molecules by a heated
tungsten filament, the BP film was radiatively heated to a temperature of 750°C by placing the
film about 1 cm away from the filament, which was heated to about 2300°C. The exposure to
nitrogen lasted 30 minutes. Then, diamond nucleation was attempted under the conditions of
0.3%CHy in H,, a pressure of 30 torr and a total flow rate of 600 sccm. The substrate
temperature was kept at 700°C. The diamond nucleation lasted 160 minutes. Raman
spectroscopy was performed on the sample to verify if diamond nucleation had occurred.
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C. Results

The boron phosphoride films, prior to and after exposing to the nitrogen plasma, were
mainly characterized by X-ray photoelectron spectroscopy (XPS) analysis, which is connected
to the MBE system. XPS spectra were obtained with a Riber Mg/Al XPS X-ray source and a
Riber MAC II cylindrical electron analyzer. Spectra data were acquired by an IBM PC-AT
running software developed at NCSU,

Figure 1 shows an XPS spectra for the BP film on Si (100) before and after a 1.5 hour
exposure to the nitrogen plasma. The results indicated that a strong nitrogen peak centered at
397.9 eV (Nis) occurred in the film after exposure to the nitrogen plasma. To investigate the
effect on the boron and phosphorus peak positions, we re-acquired data within the binding
energy range between 110 to 210 eV, as shown in Fig. 2. As indicated in the spectra, with an
increase in the exposure time, the Bis-peak position has shifted from a BP bonded peak
(192.5 eV) to a BN bonded peak (195 eV). While the intensity of the P2p-peak was reduced a
shoulder peak started to show up, which could be either another P2p peak or a P3Ns peak. All
of this indicated that after exposure to the nitrogen plasma, the surface of the BP film has been
successfully converted to BN. A similar study has also been conducted for a BP film on Si
(111). The results were very similar, in addition the nitradation rate of the BP surface on Si
(111) is much faster than on Si(100).

As received BP on S1(100)

1100 1000 900 800 700 400 300 200 100 0

600 500
Binding Enargy (eV)

Figure 1, XPS spectra for the BP film on Si (100) before and after 1.5 hour nitrogen
plasma exposing,.
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as-received BP on Si(100)
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Figure 2. XPS spectra for BP on Si (100) before and after nitrogen plasma exposing.

In order to determine the nature of the BN layer on the surface of the BP film, we have
taken FTIR measurements. However, due to the detection limit of the instrument, the structure
of this BN layer cannot be determined since only the very top layer of the BP film has been
converted to BN. Further study is under way to determine the structure of this BN by using
high resolution TEM.

We have also conducted initial electrical characterization for these converted films. IV
measurements of BP on Si (100) have been taken before and after exposure to the nitrogen
plasma. The results indicate that the films become more resistive, an increase of approximately
a factor of 40, after exposure to the nitrogen plasma for about 1.5 hours.

For a sample which has undergone diamond nucleation after the attempted thermal
conversion of BP to cBN, Raman spectroscopy confirmed that an amorphous carbon layer was
deposited on the substrate surface which showed a broad peak at 1520 cm~1, as indicated in
Fig. 3. Further experiments will be performed by using different substrate temperatures and
time durations for the conversion of BP and cBN. More careful characterization of the films
including SEM and XRD will also be conducted.

D. Future Studies
Further investigation needs to be conducted to determine the nature of the converted BN
layer in order to make this process practical for the epitaxial growth of cubic boron nitride
films. Also, the effect of the plasma conditions on the converting process, such as plasma
power, nitrogen flow rate and substrate temperature, need to be studied.
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Figure 3. Raman spectrum from the sample which underwent thermal conversion of BP

to cBN and diamond nucleation.
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V. Contact Formation in GaN and AIN

A. Introduction

The III-V nitrides have long been known to possess properties that have potentially great
technological value. These materials can be considered as largely covalent ceramics, whose
unique combinations of properties are only beginning to be put to use. For electronic and
optoelectronic device applications, the most important characteristics of the III-V nitrides are
that they are all semiconductors having wide, direct bandgaps and form complete solid
solutions with one another. With the bandgap of GaN being 3.4 eV and that of AIN 6.28 eV,
the possibility exists for optical and optoelectronic devices active from the blue region of the
electromagnetic spectrum to well into the ultraviolet. To date, semiconductor devices have been
developed that operate in the infrared to green regions of the spectrum, but as yet attempts to
push this capability to shorter wavelengths have been unsuccessful. The present study is part
of an effort to characterize the semiconductor and optical properties of the III-V nitrides, and to
demonstrate the valuable technological capabilities of these materials.

The formation of good ohmic and rectifying (Schottky) contacts is a fundamentally
important technological step in the fabrication of working semiconductor devices. Extensive
coverage of contact formation to GaAs can be found in the literature[1-5]; studies of other
III-V semiconductors are much fewer, although some work on GaN has been reported [6].
Multiple avenues of this subject will be explored, including the effects of subsequent annealing
on the contact behavior, cross-sectional examination of interfaces via transmission electron
microscopy (TEM), and probing the metal-semiconductor surface using spectroscopic
techniques such as x-ray photoelectron spectroscopy (XPS).

In order to take full advantage of the properties of a semiconductor and connect it to other
components, it must be possible to make both ohmic and rectifying (Schottky) contacts to the
material with appropriate conductors. For the compound semiconductors, particularly those
with mostly covalent bonding, the art of perfecting the properties of both types of interfaces
has been found to be a challenging one. It has become plain that there are many factors,
particularly interface reaction chemistry and morphology, that significantly affect the physical
and electronic behavior of contacts. Many of these factors are only beginning to be understood
and documented, even for the now-conventional compound semiconductors such as GaAs.

The most important property of an ohmic contact for device operation is the inherent
contact resistance of the interface; for a Schottky contact the key parameter is the height of the
rectifying barrier, or Schottky barrier height. Over the years a variety of methods have been
developed for measuring these parameters [7]. For the purposes of this study of fundamental
interface characteristics, simple contact configurations are being used in order to minimize the
need for multiple patterning steps and the complex chemical exposures such processing would
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entail. For contact resistance measurements of ohmic contacts, transfer length measurements
(TLM) are commonly used in device technology and are employed in this study, along with
current-voltage (I-V) measurements. Capacitance-voltage (C-V) measurements as well as I-V
measurements will be used for Schottky barrier height determination. The thermal stability of
the contacts will also be investigated by characterization following annealing treatments.

B. Experimental Procedure

Contact Deposition. For this first set of contact experiments, Pt was chosen as the material
for Schottky contacts on n-type GaN and ohmic on p-type films; TiN was chosen for the
opposite relationship, ohmic on n-type GaN and Schottky on p-type. Some properties of these
materials are listed below in Table I. Both Pt and TiN were chosen for their relative chemical
inertness and refractory character; in terms of the Schottky-Mott-Bardeen model of metal-
semiconductor interfaces [8], Pt was intended to serve as the high work function metal and TiN
for the low work function material.

Table 1. AIN/GaN Contact Candidates

AIN GaN TiN Pt
symmetry hexagonal hexagonal NaCl fec
lattice a: 3.112 a: 3.189 a: 2.998+* a: 2.775*
param. (A) c: 4982 c:5.185 ag: 4.240 ag: 3.924
work 5.35 4.1 - 3.74 5.65
function (eV)
surface 990+110 2691
energy
(mJ/m2)

* Nearest neighbor distance (a-plane for hexagonal; (111) for fcc)
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Gallium nitride films approximately 3000A thick were deposited on 6H-SiC substrates
(Cree Research, Research Triangle Park, NC) by means of gas-source molecular beam epitaxy
(MBE) assisted by an electron-cyclotron resonance (ECR) plasma generator; the equipment,
substrate preparation, and growth parameters are described elsewhere in this report. After the
GaN deposition, each sample was briefly removed from the vacuum system to affix a shadow
mask prior to the deposition of the contact layer. Two different shadow masks were used, to
create contact patterns for transfer length measurements (TLM) of ohmic contact candidates and
Schottky diode measurements of Schottky contact candidates. For the deposition of Pt and
TiN, a UHV electron-beam evaporation system was used. The metals were evaporated onto
room-temperature substrates using Thermionics HM2 electron guns with swept beams at
deposition rates of 4 to 20 A/min. For TiN deposition, a Kaufman type ion gun was used to
activate the nitrogen gas for nitride formation. The deposition rate of Ti, the energy and flux of
ions, and the substrate temperature were all measured and controlled. Deposition rates were
monitored using a quartz crystal oscillator.

Contact Characterization. Current-voltage (I-V) measurements were performed on the
samples using a Hewlett-Packard 4145C Semiconductor Parameter Analyzer. Tungsten probes
attached to x-y-z manipulators under a low-power microscope were used to collect data from
the samples. During data collection, the voltage between the probes was swept from —10 to
+10 V. The resulting I-V curves were plotted by a Hewlett-Packard pen plotter, and some were
later digitized for Macintosh graphics formatting using Ofoto v. 2.0 scanning software.

Scottky diode I-V measurements were taken by applying the probes to combinations of
large- and small-area circular dot contacts on the top surface of each sample, and to small dots
in combination with a back-plane contact formed by the sample wafer affixed by vacuum
suction to a copper block. The contact pattern for ohmic contact resistance measurements using
the transmission line model (TLM) method [9,10] consisted of arrays of long rectangular bars,
of fixed size (30x150 um) and varied separation distance.

C. Results

Current-voltage and log I-V measurements of Pt Schottky dot contacts on n-type GaN did
reveal the contacts to be rectifying, whether measured through the thickness using a back-plane
contact, or across two surface dots of different size. Typical I-V and log I-V plots for back-
plane contact measurements are shown in Fig. 1. The behavior of the top surface contacts was
similar, but revealed less ideal diode behavior, higher turn-on voltages, and somewhat more
reverse bias leakage. From the log I-V plots, ideality factors and barrier heights were
calculated, as described by Sze [11]:

Ideality factor n=(q/kT)(dV/d In J)
Barrier height ¢,=(kT/q)In(A*T%/J,)
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where A® is the effective Richardson constant for the semiconductor; for this parameter, a value
for low-mobility n-GaAs was used (3x104 A/m2K2). For the Pt on n-GaN samples, ideality
factors ranged from n=1.7 to 2.0 and barrier heights from ¢,=1.03 to 1.09 V.
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Figure 1. Typical (a) current-voltage and (b) log current-voltage measurements of
Pt/n-GaN contacts taken using a small dot-back plane contact combination.
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Platinum contacts deposited on p-type GaN did not exhibit ohmic behavior in the as-
deposited state. Current-voltage measurements taken across pairs of top contacts and through
the back-plane contact revealed less-than-ideal, “leaky” rectifying behavior. Since an ohmic I-V
relationship did not exist across the contact interface, it was not possible to take contact
resistance measurements using the TLM pattern.

D. Discussion

Platinum contacts deposited on both n-type and p-type GaN were found to be rectifying in
the as-deposited state. The nonideality of the I-V and log I-V relationships indicates that a
variety of current transport mechanisms were at work. The fact that the Pt/p-GaN contact was
rectifying, despite a work function relationship that was favorable to ohmic contact formation,
indicates the presence of a potential barrier at the interface.

Experimentally it has been found that the barrier height for a given metal-semiconductor
interface is not very dependent on the choice of metal. The presence of additional electron states
at the interface can significantly change the junction’s electron energy structure; the origins of
and mechanisms behind these states are not yet completely understood. Over twenty years ago
Kurtin et al. described the correlation between the ionicity of a semiconductor's atomic bonding
—i.e. the relative difference in electronegativity between the elements in a compound—and its
surface and interface behavior [12]. The lattice electronegativity differences for GaN and AIN
are 1.23 and 1.43, respectively, which correspond to bond ionicities of approximately 32%
and 40%. These properties make GaN and AlN significantly more ionic in nature than the more
conventional semiconductors; consequently, it is hoped that GaN and AIN will be more
sensitive to metal work function differences than the more covalent semiconductors have been.

It has been observed that improving the chemical and morphological abruptness of an
interface and making a close match of thermal and mechanical properties is helpful for
improving the performance of rectifying contacts. By the same token, extending a gradation of
composition and properties at the interface generally improves ohmic contacts. A thin layer of
Ti, capped with a thicker layer of Au and then subsequently annealed, is an ohmic contact
system that has met with success on a variety of n-type semiconductors over the years, and
presents itself as a likely candidate for study. In this study, the next experimental step is to
investigate the effects of annealing treatments on the properties of the contacts, in addition to
depositing different materials and combinations of materials. Depositions of TiN on both
n- and p-type GaN will be conducted shortly.

E. Conclusions
In the as-deposited state, Pt contacts deposited on n-type and p-type GaN have been found
to be rectifying in both cases. The I-V and log I-V measurements of the contacts yielded high
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ideality factor values, indicative of the presence of a variety of current transport mechanisms,
and barrier heights of just over 1 eV. These experiments are the first steps in a systematic study
of ohmic and Schottky contact formation to GaN and AIN, in which a variety of contact
materials will be investigated and a variety of processing and characterization strategies will be
brought to bear.

F. Future Plans and Goals

Annealing treatments will be conducted to study the effects of temperature, diffusion, and
chemical reactions on the contact interfaces. The thermal stability of a contact is an important
characteristic that may place restrictions on device processing parameters and materials
selection; in some cases annealing treatments are required to achieve better device
characteristics, and in other cases heating steps can cause serious degradation of properties.
Electrical characterization of samples by means of I-V and log I-V measurements, capacitance-
voltage (C-V) measurements, and Hall effect measurements will be performed. Band structures
will be studied by means of electrical measurements, luminescence techniques, and ultraviolet
photoelectron spectroscopy (UPS). Structural and chemical characterization will be
accomplished by means of high resolution scanning electron microscopy (SEM), X-TEM,
XPS, and Auger electron spectroscopy (AES).

Aside from further study of the Pt/GaN and TiN/GaN systems, there are a number of
other metalization choices that will be investigated. Titanium-gold and AuGe/Au layered
structures are examples of ohmic contact strategies that have been applied with some success to
GaAss and other compound semiconductors, and will be examined as likely candidates. Other
metals besides Pt, such as Au, Ni, W, Ru, and Re are possible candidates for Schottky
contacts. Khan et al. recently reported the fabrication of a GaN metal semiconductor field effect
transistor (MESFET), using annealed Ti/Au layers as the ohmic source and drain contacts and
Ag for the gate Schottky contact [13]. The development of the III-V nitrides as semiconductor
device materials is a field that is beginning to move rapidly, and the current literature will be
studied closely to keep abreast of any new findings.
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VI. Reactive Ion Etching of GaN and AIN

A. Introduction

Semiconductor devices are the principle components of electronic and telecommunications
systems [1]. In order to densely pack these microscopic components, unidirectional, or
anisotropic, etching techniques are required to produce a fine network of lines. Wet etching
processes found in many semiconductor manufacturing steps produce a multi-directional, or
isotropically, etched material. This is undesirable for microcircuitry since the goal is to produce
the smallest devices possible. Therefore, plasma-assisted processes, such as reactive ion
etching (RIE), combine the physical characteristics of sputtering with the chemical activity of
reactive species to produce a highly directional feature. RIE has the added advantage of
providing a more uniform etch and a higher degree of material etch selectivity.

RIE has been employed to etch a wide variety of semiconductor materials including silicon-
based materials [2—11], metals, like aluminum (3, 12-18] and III-V compounds, such as GaAs
and InP [19-21]. However, plasma-assisted etching of newer III-V compounds, such as GaN
and AIN, has been attempted by few investigators [20, 21, 37]. There has been wide spread
interest in using these nitrides for semiconductor device applications requiring visible light
emission, high temperature operation and high electron velocities [20]. Since these materials
possess wide bandgaps and optical emissions spectra in the blue to near uitraviolet range, they
are prime candidates for ultraviolet detection devices.

The objectives of this report are to discuss recent progress made in the field of reactive ion
etching of gallium and aluminum nitride and to describe the reactive ion etching system. A long
term goal 1s to develop and characterize suitable processes for the anisotropic etching of these
nitrides. In the following sections, a brief review of pertinent literature on plasma-assisted
etching of gallium and aluminum compounds is provided along with a brief description of the
reactive ion etching system.

B. Literature Review

Reactive lon Etching of GaN. Since GaN is a direct transition material with a bandgap
ranging from 3.4-6.2 eV at room temperature, it is an ideal candidate for the fabrication of
shortwave length light emitters [20, 22]. High quality GaN films have been successfully
grown by MOVPE [22], ECR-MBE [23, 24}, MOCVD [25] and a layer-by-layer process [26]
on a number of substrate. In order to fabricate complete device structures, reliable etching
processes need to be developed. Since GaN is nearly inert to most wet etching solutions, with
the exception of highly concentrated hot NaOH and H,SO4 [27], RIE may prove 10 be an
effective method for the production of fine line patterning in semiconductor materials.

There have been a few reports of etching GaN by plasma-assisted processes {20, 21, 37].
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Foresi [21] investigated fabrication techniques for ohmic contact and schottky barriers on GaN.
One of the highlights of his work was the successful etching of GaN on sapphire substrate in
Freon 12 (CCl,F,) and in hydrogen atmospheres operating at about 10 mTorr and 40 and
60 W of RF power. Results from SEM photographs showed that in the CClhF, plasma, GaN
had been completely removed from areas that were not covered by photoresist, and that the
sapphire substrate was nearly unetched. Foresi was able to obtain an etch rate of approximately
140 A/min in the CCl,F; plasma at 60 W, while the hydrogen plasma produced insignificant
etching results. Etch selectivity between the GaN and photoresist was found to be 3:1. In
another investigation, conducted by Tanaka et al. [20] reactive fast atom beam etching was
employed to etch GaN on sapphire in a Cl, plasma at substrate temperatures ranging between
80-150°C. Etch rates of 1000-1200 A/min produced relatively smooth surfaces and a well
defined pattern of elongated rectangular bars on the sapphire substrate. More recently, S. J.
Pearton ez al. [37] have produced smooth, anisotropically etched GaN and AIN in low pressure
ECR discharges of BCls/Ar, CClyFy/Ar and CHy/Hy/Ar. The etch rates of these nitrides was
highly dependent on the DC bias voltage and ranges of 25-175 A/min and 0~100 A/min were
reported for GaN and AIN, respectively. It is noted that hydrogen was added to the chlorine
plasmas to facilitate removal of hydrogen from the surfaces of the nitride samples, thus
producing smoother features.

Reactive lon Etching of AIN. Aluminum nitride is a candidate material for optoelectronic
devices because it possesses a high electrical resistivity, high thermal conductivity, low
dielectric constant and has a direct transition bandgap of 6.3 eV [28]. AIN films have been
grown by several techniques including CVD, MBE and ALE, and on a variety of substrate
materials including sapphire, silicon, spinel, silicon carbide and quartz [29]. Etching fine
features in the AIN films is an important step in the fabrication of such devices. Though, only
one report of etching of AIN is available in the open literature at this time [37], much work has
been conducted on etching of metallic aluminum thin films (3, 12-18]. As a result, analogies to
well established data for etching of aluminum are made. Although aluminum and AIN are very
different materials, the chemistry and reactions in the plasma may be similar. So, it is proposed
that reactive ion etching may also be an effective means for the application of fine line
patterning of AIN.

A review of the literature shows that there are two primary methods employed for etching
aluminum. Bruce and Malafsky [12] employed a parallel plate configuration (RTE) to
investigate the effects of Cl, on aluminum. They found that two processes are involved,
namely, the removal of the oxide layer and etching the metal below it. For those experiments, it
was hypothesized that BCl; gas was necessary for the removal of the oxide layer because it
was responsible for the initiation of a reduction reaction with the oxide. In the RIE etching
configuration, aluminum etched with a chlorinated gas is a purely chemical reaction with little
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contribution from ion bombardment. This conclusion was made as a result of the insensitivity
of RF power to the eich rate [12]. Therefore, anisotropic etching was thought to have been the
result of a sidewall passivation mechanism whereby a protective layer is formed on the vertical
walls of the trench by reaction of H,O or carbon containing species with the aluminum. Since
ion bombardment is normal to the surface, the walls remained unetched. This mechanism was
produced by the addition of CHCl; to the mixture of gases. Feature widths of 2.25 um were
produced by a gas mixture of Cl,, BCl;, CHCl;3 and He at about 1.2 mTorr. Helium gas was
added to the mixture to reduce the amount of erosion of the photoresist.

The combination of an isotropic flux of reactive species with a highly directional beam of
energetic ions, so called ion beam assisted etching (IBAE), has been employed for the
anisotropic etching of aluminum by many investigators {1315, 18]. For IBAE, the aluminum
oxide layer can be physically removed by sputtering with Ar* or Xe* ions, whereas with RIE
the oxide is removed chemically [13]. However, etching takes place again by chemical reaction
of Cl, with the aluminum as determined by the lack of dependence of the etch rate on the ion
energy and current [14, 15). From a mechanistic point of view, Cl, adsorbs onto and diffuses
into the aluminum resulting in the formation of aluminum chlorides. Al,Clg is the dominant
etch product at lower temperatures (33°C), while AlCl3 was observed at higher temperatures
(210°C) [15]. Saturation of the etched surface with chlorine atoms occurs prior to desorption of
AlCl;.

The erch rate is dependent upon several parameters including the presence of residual gases
in the chamber, substrate temperature, Cly flux, ion beam and the presence of carbon
containing species. Impurity gases in the chamber (i.e. HO, O,, N5, etc.) can react with the
aluminum films and impede the etching process by leaving a residue on the etched surface.
This reduces the amount of Cl, available for reaction and consequently lowers the etch rate
[13]. The substrate temperature is another parameter that affects the etch rate of aluminum.
Efremow et al. {13] observed a two-fold increase in the etch rate by heating the substrate from
0° to 100°C. It was hypothesized that the increase in tewperature led to a higher evaporation rate
of the product AlCly. In addition, they found that an increase in the Cly flux produced a
significant amount of undercutting due to the nondirectional flow of the Cl, gas. A higher
degree of anisotropy was achieved by the combination of ion beam and Cl, flux. Efremow
et al. suggested that sidewall passivation (by reaction of HyO with the aluminum) was partly
responsible for the production of the very fine features in their samples. Submicrostructures of
80 nm wide lines were etched into a 100 nm thick aluminum film with 0.3 mTorr Cl, gas and
0.1 mA, 1 keV Ar* beam. Lastly, Parks et al. [14] found that chemisorption of the halocarbon
gas molecules, such as CCly and CBry, onto the aluminum surface formed halogentated alum-
inum species along with an aluminum carbide. Therefore, a significant reduction in the etch rate
was observed due to the difficulty encountered in removing the carbide from the surface.

35

e ¥




C. Proposed Research

Experimental Apparatus. Since the date of the last report [38], the design of the RIE system
has been changed in the interest of constructing a more cost-effective, reliable and safe system.
Since toxic gases, such as BCl; and Cl;, may be used to etch GaN and AIN, the system is
designed for safe shutdown in the event of a power or water failure and/or inadvertent
shutdown of the exhaust systems in the building. The main components of the system include
gas handling/storage, etcher, gas scrubber and mass spectrometer. A schematic of the RIE
system is shown in Fig. 1.

Figure 1. Schematic Diagram of the Reactive Ion Etching System
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The gas handling/storage sub-system consists of the gas storage cabinet(s), gas bottles,
bottle regulators and necessary valves and tbing. Dry nitrogen will be used to purge the gas
lines before and after every run to remove moisture and chlorine from the lines, thus reducing
the probability of corrosion of the gas lines. Mass flow controllers will be employed for
accurate control of the process gases. In addition, pneumatic valves wi'l be installed as a safety
precaution. In the event of a power failure, interruption of the water supply or shutdown of the
exhaust system, the solenoid actuated pneumatic valves will isolate the gas lines from the etch
chamber.

The design of the etcher is based on that of the standard parallel-plate diode configuration in
which the bottom electrode is powered by a RF power supply (see for example Ref. 10). The
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etcher, a Technics 85 series RIE, consists of an anodized aluminum chamber with an anodized
aluminum water-cooled, driven lower electrode. A 350 Watt, 13.56 MHz RF generator with
auto impedance matching network produces the power required to maintain a glow discharge in
the chamber. Safety interlocks are supplied by Technics to disable the power when the system
is vented or a panel is removed. The chamber pressure is measured by a corrosion-resistant
capacitance manometer (absolute pressure) which is mounted to the underside of the chamber.
The two channels of process gas (made from stainless steel tubing) are isolated from the
injection manifold by means of air-operated electrically actuated isolation valves. In addition,
an 11 CFM two-stage corrosive-series direct drive rotary vane pump is supplied with the
etcher. ‘

Residual process gases and reaction by-products from the etcher will pass through a wet
scrubber which is equipped with water inlet and water recirculation lines. These lines are
monitored by flow switches, and the exhaust line is monitored by a paddle switch. Interruption
of the water flow or inadequate ventilation will trip the pneumatic valves and close the gas
lines. An anti-siphon valve is incorporated into the design to ensure there is no backflow of
water from the scrubber into the pump exhaust. In addition, the pH level of the scrubber water
will be tested and monitored prior to waste disposal.

Lastly, a mass spectrometer may be employed in the future for the detection and
characterization of chemical species produced by the etching processes. It could also be used as
a kind of end-point detection device. It is further hoped that this analytical instrumentation
could provide necessary information for the determination of the success of the etching
processes and could provide a basis for an understanding of the etching mechanisms.

Choice of Process Gases. There are a number of process gases that can be used to produce
anisotropically etched features. For GaN and AN, fluorine plasmas are impractical because
involitile fluorides are formed at the surfaces, therefore limiting desorption of reaction species
from the surface [35]. Chlorine plasmas, on the other hand, have been used extensively for
etching these compounds, see Section B above.

In etching GaN, the gases used by Tanaka [20], Foresi [21] and S. J. Pearton et al.[37]
namely CCI2F2, Cl; and BCl3 will be employed first since those investigators reported
successful results. Experimentation with other combinations of gases is likely in order to obtain
anisotropic features and reasonably high etch rates. As for AIN, chlorine containing gases with
additions of O2, carbon containing gases and or noble gases (i.e. Ar, He, etc.) are likely
candidate gases. Though, somewhat of a trial and error methodology will be followed until
success is achieved. It is noted that for RIE, sidewall passivation may be an important
mechanism for anisotropic etching of AIN and may produce relatively large features. On the
other hand, ion beam assisted etching, or similar techniques, are likely to produces smaller
features in these nitrides.
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D.

Future Research
Future plans include installation of the RIE system and development and characterization of

suitable etching processes for aluminum and gallium nitride materials.
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VII. Development of Photo- and Cathodoluminescence System for
Optical Studies of III-V Nitride Films

A. Introduction

Luminescence is the emission of photons due to excited electrons in the conduction
band decaying to their original energy levels in the valance band. The wavelength of the
emitted light is directly related to the energy of the transition, by E=hv. Thus, the energy
levels of a semiconductor, including radiative transitions between .he conduction band,
valance band, and exciton, donor, and acceptor levels, can be measured [1,2].

In luminescence spectroscopy various methods exist to excite the electrons, including
photoluminescence (photon excitation), and cathodoluminescence (electron-beam
excitation). In each technique signal intensity is measured at specific wavelength intervals
using a monochrometer and a detector. The intensity versus wavelength (or energy) plot
can then be used to identify the characteristic energy band gap and exciton levels (intrinsic
luminescence) of the semiconductor, and the defect energy levels (extrinsic luminescence)
within the gap [1].

Both photo- and cathodoluminescence analysis has been performed on AIN, GaN, and
AlxGaj_xN semiconductors [3-8]. Much of the work has been in measuring the low
temperature GaN luminescence peaks. Work on AIN has been limited by the energy gap of
6.2 eV, which corresponds to a wavelength (200 nm) that is lower than most of the optical
light sources. An excimer laser using the ArF line (193 nm) can be used, but caution must
be taken when operating at these wavelengths.

Few time-resolved luminescence measurements have been performed on AIN and GaN.
In a time-resolved measurement, a pulsed source is used to excite the sample and the
luminescence is measured at short sampling intervals after the pulse. The result is an
intensity vs. time plot. Time resolved spectroscopy is useful for separating the emission
bands of the investigated samples with different decay times. It is often used to measure
donor-acceptor recombination rates and minority carrier lifetimes [1].

Depth-resolved information can be obtained using cathodoluminescence, since
generation depth varies with beam voltage. This technique is particularly useful for
studying ion implanted semiconductors and layered structures [1].

B. Future Research Plans and Goals
A combined photo- and cathodoluminescence system has been assembled and will be
used to perform luminescence measurements on AIN, GaN, and AlyGaj_xN
semiconductors. A schematic view is shown in Fig. 1, and a block diagram is shown in
Fig. 2. The sample is in a UHV chamber, and the monochrometer and collection optics are
in a vacuum environment. Each sample is attached to a cryostat from APD cryogenics,
40




which allows for luminescence measurements at temperatures as low as 4.2 K. The
monochrometer is a McPherson model 219 vacuum monochrometer. Its focal length is
.5 m, with a wavelength resolution of .02 nm at 313.1 nm. This high resolution will allow
for the identification of exciton and defect energy levels. A photon counter from Stanford
Research (SR-400) with a Hamamatsu Photomultiplier tube is used to acquire the data, and
a software package from Galactic Industries (Spectra-Calc) is used to analyze the results.

- Photomultiplier
3 tube
Moaochrometer
Figure 1. Schematic of the combined photo- and cathodoluminescence system.

Two optical sources and a beam blanking electron gun are the excitation sources. One
optical source is a He-Cd laser with a powder of 15 mW. It is a continuous wavelength
laser that operates at a wavelength of 325 nm, making it practical for testing the
luminescence of GaN. A pulsed excimer laser is the other optical source; it operates at
wavelengths of 193 nm (6.4 ¢V), 248 nm (5.0 eV), and 308 nm (4.0 eV); and so it can be
used to measure the luminescence of both AIN and GaN.

The beam blanking capability of the electron gun will allow for time-resolved
luminescence measurements of the semiconductors. The SR-400 will be used for data
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Figure 2. Block diagram of the combined photo- and cathodoluminescence system.

collection, although a boxcar integrator may also be used. The electron gun has a maximum
beam voltage of 10 keV, which allows for depth-resolved spectroscopy to be performed.

Cathodoluminescence in the TEM will also be performed on the nitride films through a
collaboration with Dr. Roger Graham at Arizona State University. In the TEM environment
the luminescence from individual defects can be examined, and hence the source of
extrinsic luminescence peaks can be identified.
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